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Dr, I, R, Kramer

Head, Materials Branch
Office of Naval Research
Navy Department
Washington 25, D. (.

Dear Dr, Kramer:

Cotract No, N9onr 82100
Task Order No, NSonr 82101
Ref, No. NR 03L-li02

The Eighth (uarterly Status Report of research on molybdenum is
attached herewith,

It has been found that a particular lot of molybdenum ages at room
temperature when gquenched from 3800°F, By means of internal-friction measure-
ments, it 1s hoped to be able tc identify the element responsible for aging,

The problem of evaluation of the ductility of molybdenum grows more
complex as we ldentify additional significant factors, It now appears that, to
account for all the variables known to influence the strain to fracture, it is
necessary to inelude a desoription of the microttructure and the distribution of
impurity elements, in addition to the commonly ascepted (and more readily
manipulated) variables, temperature, ctrain rate, stress system, and average
composition,

The information on purity vs. ductility and on heat treatment vs,
ductility is proving to be useful in the welding of molybdenum, Development
work on welding has been going forward under other sponsorship, However, in
anticipation of the modification in the terms of the recent contract extension,
there will be, under this contract, more dircet rssearch on molybdenum welding
in the ninth quarter,

Sincerely yours,

= AN L

Robert M, Perke

RPt J1w
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SUMKARY
(Robert M, Parke)

A start has been made toward determining which elsments impair
the ductility of cast molybdenum by ascertaining which elements are reduced
in concentration by the vacuum-fusion method. Nizkel, mangansse,
chromium, oxygen, hydrogen, and nitrogen concentrations are lowered by
vacuum fusion, while keeping carbon below 0,003 per cent, The ncxt step
will be to add controlled quantities of sclected elemonts te ubherwise
high-purity mo]ybdenum.-

Sanples of high-purity molybdenum, sufficiently large for
testing, have not been produced by reduction of molybdenum pentachloride.
Experimental difficulties are such that this method appears unattractive

in comparison with the vacuum-fusion method.
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Gradient composition ingote in all the alloy systems to be
tested for oxidation resistance have now been made, Thirty-eight of
these ingots remain to be tested. Each of the alivys behaves differently
during arc melting. The arc-melting characteristics of the various alloys
are discussed in the report,

The program of high-temperature, creep-rupture testing to
compare molyvbdenum from various sources has now besn completed., Work has
atarted to determine the effect of ambient atmosphere on the creep-
rupture properties, The first tesis are being made on wrought arc-cast
umolybdenum in a hydrogen atmoaphere, Early results show somewhat greater
ductility and lower rupiure strength for the material tested in hydrogen
as compared with that tested in vacuum, Preparations ars being made to
determine the effect of grain size, of preferred orientation, of
impurities, and of processing varisbles on the ereep-rupture properties at
elevated temperatures,

The difficulties in measuring the solubility of oxygen in
molybdenum have not yet been overcomo. Howover, it is bolieved that the
procedures described in this report will be successi'ul up to 3000°F.

Quench aging has been shown to cccur in molybdenum when quenched
from 3800°F. Aging takes place at room temperature over a period of at
Jeast two montha, This effect is ilmportant to the ductility studies, and
8o, experiments will be arranged to identify the element respensible for
aging.

The ductility of molybdenum in the bend test can be rowghly
expressed by plotting the logarithm of ihe deflsciion rate against the
reniprocal of the absolute temperature, Plots of this type have been

made for wrought powdsr-metallurgy molybdenun and for as-cast arc-pelted
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molybdenum and will be made for as-cast high-purity molybdenum, If,
through purification,cast molybdenum is found to be as ductile as wrought
powder-metallurgy molyhdenum by this method of ductility evaluation, then
it will be assumed that the most promising means of obuaining a ductile
molybdenum weldment *s through control of impurities,

The internal-friction peak, tentatively identified et S75°F. in
a sample of molybdenum containing 0,0il per cent carbon and quenched from
3800°F,, could not be found in subsequent tests, Since these contradictory
results could arise from aging effects, and since s;ing is itself
important, subsequent internal-friction studies have been planned to
discover which element causes aging. At room temperature and below room
temperature, internal friction is linearly dependent on stress (at low

strese emplitudes),
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PREPARATIN OF HICGH-PURITY MOLYBDRNUM

HIGH-PURITY MOLYBDENUK BY VACUUM FUSICN

(G. W, P. Rengstorff, H, B, Goodwin, and C. T. Greenidge)
Introduction

As described in prior reports, repeated vacuum arc melting of
powder-metallurgy molybdenwn produced cast molybdenum which did not exhibit
the heretofore characteristic intergranular brittleness in a slow.bend
test at room temperature, The vacuu.-purified molybdenum also had a
lower transition temperature and a h.gner critical strain rate than other,
less pure, cast molybdenum,

The conclusion was reached that the improvement in ductility was
the result of removal of an unknown impurity or impurities by volatili-
gation and/or chemical reactions thermodynamically favored by low pressure,

The first step toward determining which element or elements
impair the ductility of cast molybdenum was to ascertain which elements
vere reduced in concentration by the vacuum arc meliing, OCarbon, oxygen,
uitrogen, and hydrogen wers suspected, Ir the Seventh Report (page 333),
the amounts of these elemenits in the two most ductile high-purity ingots
which had been made at that time and in the melting stock were given.
Oxygen and hydrogen were progressively lowered in three successive
remeltings; carbon content was not changed and the precision of the
analyses was not sufficient to permit any conclusions with respect to
nitrogen.

The investigation has now been extended to determine the effect
of vacuum arc melting on eight additional impurity clements and the effect

of up to five remelts,
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Experimental Work

A series of ingots was prepared by the vacuum arc-melting

tech-ique described on pages 239 to 243 of the Sixth Quarterly Report.

These ingots were melted one to five timcc, Tha same powder-metaliurgy

melting stock was used io prepare all ingots, Each ingot and the melting

stock were analyzed

elementss
Oxygen
Hydrogen
Nitrogen
Carbon
Sulphur
Nickel
Manganese
Chromium
Aluminum
Silicon
Copper

Iron

with =7 high precision as possible for the following

(Vacuum-Fusion Method)
Ditto
Ditto
(Combustion Method)
Ditto
(Spectrographic Method)
Ditto
Ditto
- Ditto
Ditto
Ditto
Ditto

The results cf the analyses are given in Tavle 3l.

Most striking is the high sulphurs# content of the melting stock

and the fact that it was noi lowered by repeated remelting,

Nickel. manganese, and ¢hromium concentrations are shom to be

lowered by vacuum fusion,

# It 4= not known i the combustion method for suiphur, which gives good
accuracy in steel, is accurate for sulphur in molybdenum, This is now

being determined,
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oene ey



408~

U0CRd Jued Jad ()"0 F £00°0 Puo ‘uadonru Juad sed | ()0 $[00°0 ‘ueBophy ued 2ed GO0 ¥ 1L00V0 ‘uet4xo jusd sed

(070 % £00°0 PRUIDAIOD |DHISIOW 2:UDS 3y JO O] JALIOUD INQ ‘2048 Bulyjaw Siy U pautuLejar jou 818w uaboyiu puo ‘uasoply ‘veBAxy (v}

"SIN|0A 34N|OSQO SO PIAIRPISUOD VDU 19YLOD 1810 |30 tIM pasDduiod 9q {NOYS Bivly UMOYS SUOHIDLUIILOD Y|

‘umounun si AS0INDI0 350 M POYLeW DtiydoaBonIads D Ay pezA(Dus ||D 219 uox PUD J8GJOD ‘LODI|IS wnjo ‘wnpuonS ‘esaunb ‘lo%3iN

‘PaLILLeIap Butag mou $1 umuepaliow UG AI0IAI30 S IUSD sud S()TOF JO T{981T 110 ADDIDID0 UC IADY Of UMOUY BINPedosd D Aq pazhjouo sam
YOG *4ued 4Sd GG 3Q O PIASIIIN St SaSAIOUD USGIDD AUl 0 ADEINIDD Y[ SPONISU LUIISNQUIOD AQ POZAIDUD 21IM INYC|NS PUD UGS

“4uad Jed ZOO0"0F ‘uwaBosniu puo Jued ad 1J000°08 ‘WeBoiply

‘lued 13d |005°0F ‘WeBAx0 :8q 3y PeASI|aq 20 Sush|DuD Isely Jo ADDMNIDY UCISNY WNAdLA KG 392A|DUD 31am ueSasiu pun ‘uBBoIpAy ‘uabAxr)

H LRIV
S T T RIS A ST R MRS S TE A L A cA T SEIa ol SLAKS 1L TEMCRAS L WR e U ET.TTE0 A TGt S mamsuss = = e
$00°0 100°0 §20°0
*§000°0  +{ 0000 400070 L00'0>  (00°0> L00T0»> SVOC> €0’ Tooe <000°0 110000 80000 S 36yTly
t00°0 30670 $00°0
*1000°0  $000°0 4006’0 100°> 10C'O> L000> 30070 [ZARVIRN TV 5} CO00°0  0L0O%'0  ¥OOCYD |4 , 00STLY
Lo’ S00°0 S00°0
“lX'0 --goon'n SO0 100> 100> 100G 00U €20°0 20070 Z00U"0  S0000°0 20000 ) MSeLV
$00°0  §00°C $00°0
~5000°0  <6000°0 H000°0  LOU'O»  LUGTO> 100°3> SOU°0> e 060 20000 1ZO0O'C 10000 [4 azLLLvY
100 sx'v S0
*100'0  ~S000°C =000°0 (007> 10C™0> {03 °0> SO0 ANV N o) ZOOC'D  FL00C°0  £000°0 § veYZLY
0 000 5000 129 wo  sov
5000 <000°0 500070 100°0> C10UC 100 $00%) SLOD 100°S ) M (v 12045 Bunigan
24 a3 By v ” ups N < o) in NI NO poitow 1equny jobuy
Sy som
obu) sawy |
jo mquny

ONILLTI2 D2y WANDVA Ag 4314ENd ANN3TEATON 30 SISATYHY IVDINIHD 'LE 318VL

BATTELLE MEMORIAL INSTITUTE



~li09-

Carbon content was not reduced, confirming results repcrted in

the Seventh Report.
The maximum reduction of all impurities, other than carbon, wae

accomplished in thre: meliings,indicating Luai additional remslting is
unnecessary,

The indicated increase in oxygen conter-xt, after the third
melting, from 0,000l to 0.0008 psr cent is well above the analytical error,
#lthough contamination of the analytical samples is a possibility, If
the ingots actually did pick up oxygen, no explanation is apparent at this
time, This will require further investigatiom.

The hydrogen content of the ingots in Table 31 is higher than
that of the ingots listed on page 333 of the Seventh Report, but is lower
than that of the powder-metallurgy meliing stock,

Table 31 shows that there was no contamination of the molybdenum
by copper from melting in copper crucibles, or by iron from crushing
ingots in a steel mortar for remelting,

. It does not appear that additional purification can be
acocomplished with preseni techniquses. It may bte possible to increasa
purity somewhat by using vacuum arc-melted no]y_bdenum for electrodes
during the second and subsequent meltings,

Future Work

Nitrogen, sulphur, and certain metsllic elements will be added
in controlled quantities to high=purity molybdenum, Testing such ingots
by the slow<bend tes: may permit the effect of these elements on duectility
to be determined,
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it is also planmed to make a series of ingots adding small
amounts of elements which should form stable oxides or nitrides in
molybdenum if oxygen or nitrogen are present, Titanium, zirconium,
boron, béryllium, and thorium will be tried,

The data from which this report was prepared are recorded
in B.M.I. Notebook No, 5850, pps $2-93, inclusive,)

BATTELLE MEMORIAL. INSTITUTE




~411-

HIOH-FURITY MOLYBDENUM BY HALITE DECOMPOSITI(N

{8+ M, Sherwood and T, E, Campbell)
Introduction

Thia section of the report describes the preparation of highe
purity molybdenum pent.achloride for use in the deposition of high-purity

molybdenum by the haiide decomposition method,

Exnarimental Work

Description of Chloride Preparation System

Figure i? illustrates schematically the functional arrangement

1 the apparatus used to prepare high~purity molybdenuw prutachloride.
Ordinary tank chlorine was led through a dibutyl phthalate bubbler to the
first flask of the chlorine distillation unit, The distillation flasks
were 8o arranged that a fairly large amount of solid chlorine could be
collected by freezing by the expedient of placing a Dewar flask containing
liquid air over the lower portian of the first chlorine flask, The
chlorine was then transfarred successively from flask to flask by shifting
the liquid-air container., The so0lid chlorine was held for a time in the
last chlorine flask and then permitted to vaporize slowly into the
chlorinator, Figure %indicatee the design of the chlorination unit, A
discussion of this unit and the chloride collesctor will be given in the

following section.
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HIGH=-FURITY MOLYBDENUM BY HALIDE DECOMPOSITICH

{Es, M. Sherwood and I, E, Campbell)
Introduction

This section of the report describes the preparation of highe
purity molybdenum pentachloride for use in the deposition of high-purity
molybdenum by the halide decomposition method,.

Exnarimental Work

Description of Chloride Preparation System

Figure gfillustrates schematically the functional arrangemsnt
¢t the apparatus used to prepare high-purity molybdenum peutachloride.
Ordinary tank chlorine was led through a dibutyl phthalate bubbler to the
first flask of the chlorine distillation unit, The distillation flasks
were so arranged that a fairly large amount of solid chlorine could be
collected by freezing by the expedient of placing a Dewar flask containing
liquid air over the lower portion of the first chlorins flask., The
chlorine was then transfarred successively from flask to flask by shifting
the liquid-air container, The solid chlorine was held for a time in the
last chlorine flask and then permitted to vaporize slowly into the
chlorinator, Figure 5§-indicatea the derign of the chlorination unit, A
discussion of this unit and the chloride collector will be given in the

following section.
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From the chlorinator and chloride ucllector, unused chlorine and
other gaseous matter passed through & trap, a back-pressure measuring
system, an alcohol-dry ice-cooled trap, a liquid-air-cocled trap, and
thence to the vatuwan punp and gsugs, The latter was used to monitor the
efficiency of pumping.

Pyrex glass was used throughout the system up to the trap
following the chloride receiver., Although the remaining uniie were all
Pyrex glass, comections between these units were made using vacuum hose

and clamps with glyptol lacquer as a final sealant,

Chlorinator and Chloride Receiver

These units are depicted in Figure ‘;:5—. The purified chlorine
passed upward to the top of the nozzle cap,where it was constrained to
flow downward in the annular space around the inlet tube and thence
through the layer of Pyrex glass beads and again upward to the crushed
molybdenum where chlorination took places A small resistance furnsce was
used to heat the chlorinators Tho ohloride was driven out of the
chlorinator and into the receiver by means of heat, the latter being
furniehed by & resistance wire-wound furnace and three conventional heat
lamps, the latter mounted on flexible aims. Aluminum-foil reflectors were
placed behind portions of the glass equipment in order to make more
efficient use of the radiant heat, The heat lamps were found to be
particularly effective in preventing stoppages of ring seal joints, in
regions such ac A in Figure 5L, due to buildup of chloride,

Since the chloride has to be kept in a container sealed against
the atmosphere, the design of the chloride receiver was somewhat special.

First of all, a constriction was built into the piece of Pyrex glass
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tubing which connected the chlorinator to the receiver. The outlet arm
of the receiver was also constricted,so that sealing off could be
accomplished with less diffinulty. An arm for connecting the sealed-off
chlcride receiver to the deposition apparatus was also provided, The
bottom wall of the receiver was made thin in the center and a hammer
mechanism was provided for breaking the thin wall once the receiver was
sealed to the deposition bulb. A lonel metal bellows, closed at one end
by soldoring in placc o stainless steel plate carrying the molybdenum
hammer, and joined at the other end to a Kovar sleeve, was provided, The
Kovar sleeve was sealed into a Corning Type 705 glass ring which, in turn,
was joined to the Pyrex support arm by means of a cobalt glass graded

seal, Details of the receiver are also indicated in Figure 5k,

Results

Several early runs were interrupted due to failures of one or
two connections in the all-glass portion of the system,

The final run was successful, A fairly large amount of chlorine
was collscted in ths colid sctate, It was found that slternate solidifi-
cation and liquefaction cyclically repeated permitted a greater amount of
chlorine to be collected for subseyuent distillation., After distillation,
chlcrination a2t low pressure (less than 1 mm, of mercury) was begun,

The chlorinator was maintained at a temperature of 860 + 10°F, As the
molybdenum pentachloride was formed, it sublimed into the collector and
associated glass connections, A tendency for the exit arm to become
plugged was ncted, This could have been prevented by lengthening th<
arm in a vertical direction, It was also necessary to adjust the

position of the heat lamps from time to time in order to maintain an
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adequate rate of sublimation of the chloride, Some two weeks' continuous
operating time was required in order to complete the chlorination at the
low pressures employed.

The chloride receiver was sealed oiff from the remainder of the

system to complete the operation.
Future Work

The deposition system will be set up and the chloride receiver
attached. A generator of high-purity hydrogen {from titanium hydride) is
nearly complete. Gas from this source will be used as a carrier in
deposition by halide decomposition, It is hoped that a fairly large

pure-molybdenum erystal bar can be prepared using this equipment,
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ALLOYS QF MOLYBDENUM
(G. W, P, Rengstorff, H, B. Goodwin, snd C, T. Greenidge)

INTRODUCTION

Rapid oxidation prevents utilization of the excellent high-
temperature strength and ductility of molybdenum unless protective
coatings are employed or nnlees the use uf molybdenum is limited to none
oxidizing atmospiwres. 3ecause maintenance of protective coatings under
stress is difficult, a program is under way to develop molybdenum alloys
vhich will form and maintain their own prutective coatings at elevated
temperatures,

The alloy systems being investigated are listed in Table 32,
The oxidation resistance of many of these alloys has bsen discussed in the
Fifth, Sixth, and Seventh Quarterly Reports, At the beginning of this
reporting perlod, thirty-eight alloys, marked with an asterisk in Table
32, remsined to be made and tested for oxidation resistance. Gradient-
composition ingots from these alloys have now boon prepared and their
oxidation resistance will be determined in the near future, This section

of the report describes the preparation of these ingots.

EXPERIMENTAL WORK

To avoid making a very larye number of ingots and yet completely
cover the desired composition ranges, "gradient-composition® ingots are
being used. Fortunately, the arc-melting process facilitates making such
ingots, This is done by feeding charge material of gradually changing

composition slowly into the water-cooled copper crucible during melting.
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MOLYBDENUM ALLOYS FOR A STUDY
OF QXIDATION RESISTANCE

No-Ni(B) gg, 6)(2)
( 6, 7
Mo-Ni-Cr(D) Eé, 7

Mo-Ni-AY

Mo-Ni-Si (7?)
Mo-Ni-7i (7)
¥Ni=V (7)
Mo-Ni-Zr (7)
Mo-Ni-Co (7)
Mo-Ni-Fe (7)
Mo-Ni-W (7)

Mo-S1 (6)
Mo-Si-Ti#
Mo=Si-V3*
Mo-Si-Zr(B) (6)
Mo-Si-~Co
Mo~Si-~Fe#*
Mo=Si-7t

Mo=Zr¥
Ho=Zr={o¥
Mo-Zr-fe*

Ho~Zr=i*

o~ #

Mo-AL (52
uo-A1-Cr(B) (6)
Mo-Al-SiEE;’*
Mo-A1-T3(C) (6)
Mo-A1-71B) (6)
wo-A1-2r(B) (&)
Mo=Al-Co*
Mo-Al-Fe*
Mo-A1l-W

Mo-Ti (5)
Mo=Ti-V*
Mo~Ti-Zr*
Mo=Ti-Co¥
Mo~Ti-Fe*
Mo-Ti-W¥

Mo-Co#*
Mo~Co=Fe*
Mo=Co-W*

Mo-B¥*
Mo-B-Fe®

lo<Cr (5)
Mo-Cr-5i (6)
Ho=Cr-Ti%*
Mo-Cr-V*
MoxCr=2r*

Mo -Cr~Co*
Mo-Cr-~fFe*
Mo-Cr-i*

Mo~V
Ho-V-Zr#¥
Mo~V--Co*
Mo-V-Fe*
Mo~V -ti¥

Ho-Fe*
o=Fe.W*

(A) The oxidation resistance is given in the quarterly reports, numbered
The Fifth Quarterly Report was dated
August 1, 1950, the Sixth was dated October 31, 1950, aud ihe
Seventh was dated January 31, 1951,

as shown in parcnthesis,

{B) Two composition ranges were investigated for this alloy system,

(C) Three composition ranges were investigated for this alloy system,

(D) Five composition ranges were investigated for this alloy system,

(E) Ingots have been prepared for those alloy systems which do not have
a number in parentheses, but oxidation tests have not been made,
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Since the ingot solidifies as formed, only the top layer being molten,
the result is an ingot whicbh gradually changes in composition from bottom
to top., Usually the bottom of the ingot is pure molybdenum and the top
highly alloyed. The inguts were melted under argrn# using a water-cooled,
molybdenun~tipped electrode,

Although no two alloying elements behaved exactly alike and the
same element sometimes ucted differeuntly in different ternary combinations,
some arc-melting characteristics were typical among the various alloy
series,

Aluminum typifies alloy additions which greatly lowered the
melting point of molybdenum, vaporized out of the melt, and rapidly
attacked the electrode, Aluminum additions always caused the arc to be
unstable, apparently because of large amounts of aluminum vapor coming
from the melt and becauss of rapid melting of the electrode. In fact, the
arc was so unstable that the crucibles were often burned out, The attack
of the electrode tip by aluminum vapor was so great that the tip sometimes
mclted back to the water-cooled clectreds befors the end of the heat,

To minimize the attack on the electrode tip and also to reduce damage
resulting from instability of the arc, alloys containing aluminum were
melted with a comparatively low arc current, Also, the charge was fed as
rapidly as possible,sc that the electrode would not be consumed before
the end of the heat. This procedure was possible because all the
aluminum-containing alloys had low melting points., Tin vaporized almost

as readily as aluninum when added to molybdenum,

#* Argon of 99,92 per cewt purity was normally used, but this gss was not
available for a time,so argon of 9.8 per cent purity was used for
goms of the heats with no apparent harmful effaects,
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Other elements whose vapors attacked the electrode were boron,
titanium, and occasionally chromium, Titanium- and chromiumecontaining
alloys, unlike aluminum alloys, oftsn had comparatively high melting
points., Vaporization of titanium and chromium was considerably reduced
by slow, rather than rapid, feeding of the melting stock. Aprarently
the vapor pressure of these elements was low if they dissolved jmmediately
in a molten pool,rather vhan floated on the melt, Iron and cobalt often
behaved similarly as far as vaporization was concerned, Although both
vaporized readily, their vapors did not attack the electrnde as did boron,
titanium, and chromium vapors.

When direct current was used for melting, iron and cobalt were
magnetically attracted to the electrode, The particles of these metals
clung to the electrode and did not drop into the melt, The use of
alternating current elimiaated attraction of iron and cobalt to the
electrods, but in argon, the charge was not melted,even though the current
was sufficient to melt the electrode tip in less than one minute. Iron
and cobalt were finally added successfully to molybdenum melts made with
direct current by using commercial ferro-molybdenum containing 37 per cent
ireon# and by using a 50 per cent cobalt - S0 per cent molybdenum alloy.
The latter was prepared at Batteile. Both ailoys were only weakly
magnetic and, therefore, were not attracted to the elcctrode, The use of
ferro-molybdenum and the cobalt-mnlybdenmm alloy resulted in less porous
inguis than had bewen oblained previously, since these materials contained
much less dissolved gas than did the electrolytic iron and the hydrogen-

reduced cobalt rondelles first tried for introducing iron and cobalt into

molybdenuna

# Ferro-chromium and ferro-aluminum were also ussd successfully, _
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Elimination of gases dissolved in the alloying agents, as well
as in the powder-metallurgy molybdenum, was a constant problem, The
most effecvive way of reducing porosity in ingots caused by gas was to
melt slowly near the top of a 1-5/8-inch~ or 2-inch-diameter mold, This
procedure permitted gases to escape before the molten metal solidified,
Even so, many of the ingots were rather porous, especiaily in the higha
molybdenum end.

Alloys containing zirconium proved extremely difficult to melt
with the usual arc currents of 900 amperes, A 1200-ampere direst current
generator was borrowed and most of the zirconium alloys melted at 1200
amperes, Even at a current of 1200 amperes, melting was not quite so
£552 as desired, At this current, the molybdenum electrode tips lacsted
for several hours., This was unexpected because,when melting pure
molybdenun in argon,this same current melted the molybdenum electrode
tips in a matter of minutes, The reasons for this difference in behavior
of the molybdenum tips are not clear at the moment,

Additions of nickel, silicon, or vanadium did not usually cause
difficulties in melting,

The melting timc for preparing ingots weiching about 1-1/2
pounds varied from 15 to 90 minutes, The direct arc current varied from
700 to 1200 amperes,

On page 166 of the Fifth Quarterly Repert is given a list of
the metals used in preparing the alloys, their form, and their purity.
Several changes and additions have been made since then. For that reason

a new summary is given in Table 33 of this report,
A new type of melting crucible has been designed and put in use

which permits quick replacement when burned out., This has expedited the
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METALS USED TO MAKE GRADIENT-COMPOSITICN
MOLYBDENUM ALLOYS FOR CXIDATION TESTS

Hetal

Physical Condition

Purity

Primary Molybdenum
Feed

Secondary Holyb-
denum Feed, Some
ingots contain up
to 20% of this feed,

Ditto

Holybdenum
Electrode Tips

Aluminum

Aluninum-Iron

Borun

Boron~Ircn

Powder pressed, then
crushed to minus 6,
plus 20 mesh, Not
sintered.

Machined turnings.

Crushed fines, minus
20 mesh,

5/8-inch-diameter rod,
swaged, cleaned, and
straightened,

1/8-inch.. (preferred)
or 1/L-inch.diameter
wire cut to 1/8- to
1/li-inch lengths.

Crushed and sized to
minus 6, plus 20
mesh,

Oranules, minus 6
mesh,

Crushed and sized
to minue 6, plus 20
mesh,

Commercially pure, obtainel
from ransteel Metallurgical
Corporation, Contains
approximately 0,005% carbon
and probably about 0,01% or
more OXYgenhs

Scrap from high-purity or
commercially pure molyb-
denum,

The fines from crushed,
commercially pure, sintered
molybdenum,

Commercially pure, obtained
from Westingtouse Electric
Corporation, Probably
contains about 0,003% carbon
and 0,007% oxygen,

99+% Alwaninum

Ingot A2089 contains 52.5%
aluninum, L7.5% iron
(nominal).

97+% boron, obtained from
Cooper Metallurgical
Association,

Battelle Lot 383, Vendor!tg
analysis: 17.97% boron,
O.uh% silicon, 0,10%
aluminum, 0.37% carbon,
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TABIE 33.

(Continue ')

Motal

Physical Condition

Purily

Cobalt (used
successfully in
Mo-Co-ti alloys
only) '

Cobalt-Molybdenum

Chrormium

Chronium-Iron

Jren (used
siccessfully in
Mo-Fe-Ni alloy

onlyj

Iron-Molybdenum

Iron-Aluminum

Irvi-Chromium=
Molybdenum

Rondelles crushed and
sized to minus 6,
plus 20 mesh,

Crushed and sized
to minus 6, plus
20 mesh,

Crushed and sized
to minus 6, plus
20 mash,

Crushed and sized
to minus 6, plus
20 mesh,

Electrolytic iron

flakes crushed and
sized to minus 6,

plus 20 mesh,

Crushed and sized to
minus 6, plus 20
mesh.,

Given vnder
"4 luminum~Iron®,

Given under
"Chromium-Iron-
Molybdenumt,

Battelie Lot 599, Battelle
ana)- st 99.4% cobalt,

0 .>% curbon, 0.L5%
aitrogen, 0,10% iron.
to contain considerable
amounts of hydrogen,

Knovm

Ingot AT28L. Vacuum
induction melted, Hominal
50% cobalt, 50% molybdenum,

Fused chromium, Battelle
Lot 594. Battelle analysiss
0.02% carbon, 0.31% silicon,
0,27% iron, 0,3% aluminum,
0.041% nitrogen, < 0.01%
sulphur-

Ingot AL698, Vacuum
induction melted, Battelle
analysiss 59,8% chromium,
25,3% iron, 14.9% molybdenum,
0.02% carbon,
Battelle Lot 606, Battelle
a.—:ggsisx 0,0057 phosphorus,
0.004% sulphur, 0.001%
nitrogen., Knovn to contain
considerable amounts of
hydrogen,

Battelle Lot 57L, Vendor's
analysis: 62,8% molybdenum,
0.45% silicon, 0,052 carbon.
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TABLE 33. {Continued)

Metal

Physical Condition

Purity

Nickel

Silicon

Tin

Titanium

Vanadium

Tungsten

Zirconium

3hot, about 1/8 to
3/16 ineh in diameter.

Crushed ¢nd sized to
minus 6, plus 20
mesh.

20 mesh,

Sponge crushed to and
sized to minus 1/L
inch, plus 8 mesh,

Granules, generally
minua 6 mesh with few
fines,

Scrap pleces crushed
and sized to minus 6,
plus 20 mesh, but
minus 20 mesh was
preferred and used
for most alloys.

Sponge orushed and
sized to minus 6,
plus 20 mesh,

Baker's analyzed, low
cobalt, Baker!s analysis:
0.001% copper, 0,03% iron,
0,000% lead, 0,00% zinc,
0,00% cobalt,

Fused silicon. Battelle
Iot 553.. Battelle analysiss
96,8% silicon, 1.,0% iron.

Baker!s C, P, Vendor's
analysis: 0,00008% arsenic,
0,0008% copper, 0,003% iron,
0,001% lead, 0,0009% zinc,

ImPont Process A sponge,
Ductile titanium, Purity
not known,

Battelle analysiss 90,56%
vanadium, Typical analysis
furnished by vendor: 1.0%
aluminum, 0,9% silicon,
2,05% iren, 0.1% carbon,
0,08% sulphur, 0.02%
phosphorus, 0.04% magnesium,
Much of the remainder is
oxygen and nitroge.

Commercially pure tungsten
scrap.

Bureau of iines sponge.
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wurk with alloys which cause unstable arcs and frequent crucible burn-

outs,
f'U’l‘URE WORK

In the immediate future,oxidation tests will be made on the
alloys discussed in this report., An evaluation of all of the alloys so
far prepared will then be made, This will complete the first phase of
the work on development of oxidation-resistant alloys.

The direction of further work will be decided after the
evaluation of the past results, Tentative plans are to investigate the
oxidation resistance of the more promising alloys more thoroughly and to
determine their mechanical properties,

Further work on ternary or perhaps on quaternary alloys may be
indicated. Also the more expensive alloys, such as platinum, tantalum,
and columbium,should be considered. HNo atiempt has veen made to prepare
alloys of molybdenum with manganese, lithium, or bismuth because of the
volatility of these elements at the melting point of moliybdenum, Powder-~
metallurgy methods may be resorted to for the preparation of a few alloys

of this type.
If certain of the alloye are oxidation resistant, but are too

brittle to use as the major component of structures, they may, nevertheless
serve as protective soatings when applied in the same manner as molyb-
denum silicide. Also, it may be possibls ts eleclioplate successive

layers of alloys on molybdenum so that, under oxidizing conditions, the

desired oxide film is formed,
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Pretreatwents to form the desir:d initial scale have been
investigated only to a limited extent, Treatments in controlled
atmospineres should be considered. Also, an acid dip treatment(l), such
as is used for improving ihe oxidation resistance of tungsten, should be
investigated,

(Data from which this report ie written were taken from

B.M.I. Laboratory Record Books Nos, 5850, pp. 18-100,
and 6112, pp. 1-2, inclusive,)

(1) Bueckle, H,, "Surface Protection of High-Melting Metals to Increase
Their Resistance to Scaling", Metallforschung, V., 1, pp. 81-86
(1946)3 abstracted in Metal Progress, V. 59, pp. 288-290 (1951},
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HIGH-TEMPERATURE-FROPERTY MEASUREIENT

(J. 4. VanEcho, A, B, Westerman, and H. C. Cross)

INTRODUCTION

Creep-rupture tests were conducted on Westinghouse powder-
metallurgy molybdenum in the as-received condition at 1600, 1800, and )
2000°F, Several tests were conducted on Fansteel powder-metallurgy and
Climax arcecast molybdenum at 1600, 1800, and 2000°F, to complete the
series previously started on these materials,

Creep-rupture tests at 1800°F, in a hydrogen atmosphere are
now Lging run on recrystallized arc-cast molylbdenum,

Arc-cast molybdenum bar stock, supposedly representing two
different grain sizes, has been received from the Climax Molybdenum
Company for testing. Recrystallization characteristics of this material.
are now being determined, Powder-metallurgy molybdenum sheet for a study
of the effect of preferred grair orientation on rupture properties at
1600°F, is being supplied by the Fansteel Mutallurgical Corporation,
This material has also been received,

EXFERIMENTAL WORK

Equipment

An additional vacuum creep furnace is being constructed for
operation at temperatures ashigh as 2000°F. There has been some delay in
the construction of this furnace because of difficulty in obtaining the

necessary parts, When completed, this furnace will make a total of six
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vacuum units available for conducting tests in vacuum. However, due to

space shortage, only three creep units were in operation during the past

gquarter,

Creep-Rupiure Results

A1l of the creep~rupture data obtained to date or molybdsenum -re
shown in Figure 6. Included in this figure are the data obtained dvring
the past quarter on Westinghouse powder-metallurgy molybdenum; these
data are listed in Table 34, Table 35 contains the results of several
rupture tests ccnducted on Fansteel powder-metallurgy and Climax arc-cast
molybdenum at 1600, 1800, and 2000°F. Table 36 and Figure 57 show the
creep-rupture data obtained on recrystallized arc~cast molybdenum as
tested in vacuum and in a dry-hydrogen atmosphere, Table 37 shows the
weight changes occurring in powder-metallurgy molybdenum during regular

creep-rupture testing in vacuum,

Creep-Rupture Testing in Vacuum

As shown in Figure 56, the Westinghouse powder-metallurgy
molybdenun in the as-received condition had an intermediate creep-rupture
strength at 1600, 1800, and 2000°F. when compared with all of the other
types of molybdenum tested, Examination of the microstructure after test
showed partial recrystallization of the molybdenum at 1600 and 1800°F,

At 2000°F., recrystallization was complete after only a short time in test,

Results of tests on stress-relieved (1800°F, for 1 hour)
Westinghouse powder-metallurgy molybdenum were presented in the last
quarterly report, but are shown here again (Table 3h) for comparison with

the data on the as-received material, As shown in Figure 55, there was
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TABLE 3L, CREE!-RUPTURE DATA OBTAINED ON
WeSTINGHOUSE POWDER-METALLURGY
MOLYBDENUM AT 1600, 1800,

T A )

AND 2000°F,
Rupture Reduction
Stresse, Time, Flengction, of Area, Migrostructure _
PeSeds Hours Per Cent Per Cent ore les er Tes

1Lnnen
AT s B
——

32,500% 1,3 2L 0 92,8 c. W, Ps Ra
217,500% 2.7 23.8 9U.? C, W, P. R,
35,000 0.7 2L 93.L S. R, P. R.
30,000 8.1 23,0 93,2 S. R, Ps Ra

25.0& 125.0 22.0 89!5 Sn R. Po RO

1800°F'.

24,000+ 3.6 23.8 95,1 C. W, P. R.

20,000 14.0 27.0 94,5 C. W. P. R,

1,000 63,5 30.6 91,9 C. W, P. R,

10, 000 259.3 35.0 L1,0 C. W, P. Re

2000°F,

12,500 3.0 29,0 30.7 c. W, R
9,500% 12,2 12,5 1,7 c. % R
7,000% 86.7 8.9 7.8 Co We R
5,500 184.1 4.8 2.7 c. W. R

.ﬁ

S st —tt—
—t——r———

Ce We == Cold worked,

P, Re =~ Partially recrystallized,

R -« Recrystallized,

S, Re == Stress relieved (1 hour at 1B800°F.),

* -- Tests conducted during the past quarter,
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TARLE 35, (REREP-RUPTIRE DATA OBTAINED (N FANSTEEL
POWDER-MFTATLIRGY AND CLIMAX AHU-
CAST MOLYBDENUK

e
e —

Rupture Reduction
Stress, Time, Elongation, of hrea, Micrestructure
P.8,i, Hours ler Cent Per Cent Before Test  Affer Test

1600°F, - Climax Arc-Cast Molybdenum

27,500 261,3 17.9 85.5 C. W, Ps Ko
1800°F. - Fensteel Powder-Metallurgy Molybdenum

25,000 4,0 31,2 88.4 C. W,
15,000 1hLk,2 13.6 53.8 Ce W,

2000*F, - ranssel Powder-~Metallwy bioiybdenum

7)5w h?a.l 109 1-2 C. w. -

Cs W, — Cold worked.
Py Ry ~= Partially recrystaliized.
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TABLE 36, CREEP-RUPTURE DATA OBTAINED (N CLIMAX
ARC~CAST MOLYBDENUM AT 1800°F,
TESTED IN VACUUM AND IN

DRY HYDROGEN

Rupture Reduction
Stress, Time, Elongation, of Area, Microstructure
PeSeds Hours Per Cent Fer Cent Before Test After Test

In Vaguum
20,000 2,0 10,3 85,3 R R
15,000 4.0 h1.2 81,1 R R
12,500 57.7 10,6 80,6 R R
10,000 482,9 17.4 L8,9 R R
In Dry Hydrogen

20,000 i3 Sha2 87.1 R R
15,000+ 11,2 72,1 934 R k
12,500% 3.4 62,9 92,9 R R
10,000+ 16,8 79.6 91.L R R

R - Reorystallized.
% -~ Tests conducted during the past quarter,
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TABLE 37, DETERIORATION OF TAYCO AND WESTINGHOUSE

POWDER-META LLURGY MOLYRBDENUM SPECIMENS

DURING RUPTURE TESTING IN VACUUM AT

1600 TO 2000°F,

Tempeorature Rupturs
Speciten of Test, Time, “_Change in Weights
Number(1) *F. Hours £ Gain ¢ loss

7 1600 53,2 - 40520
9 1600 276.3 - .0030
Th 1800 8.9 .0038 -
5 1800 Lk4,0 0003 —
T12 1800 69.4 - «0031
T10 1800 73.0 - 0211
T13 1800 Ls2.3 - 0147
T8 2000 90.2 -- .0369
11 2355 1785 - 0006
wil 1600 93.6 - 06
Wl 1600 327.7 - «0000
w5 2000 2,4 - .0873
wo 2000 9.2 - .0562
Wle 2000 301,0 - .0350

(1) T -- Thompson Products powder-metallurgy molybdenum,
W -- Westinghouse powder-metallurgy molybdenum,
* ~=- Accuracy of weighing balance -- about + .002%,
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no difference in the 1600°F. usesp-rupture strengths of this muterial in
these two conditions, Rupture-test results on the as--received powder-
metallurgy molybdenum at this temperature fell on the curve of results
foi the same material in the siress-relieved condition. This comparison
cannot be made at 1800 and 2000°F,, since tests on the stress-relieved
material were made only at 1800°F.

Such close similarity in creep-rupture strength at 1600°F, of
the iiestingiouse powdsr-metallurgy molybdenum, as shown in Figurs 56, in
the stress—relieved (1 hour at 1800°F,) and as-received (swaged) sonditions
was questionable, 48 a result, X-ray diffraction patterns were made on
these two materials and also on the recrystailized (1 hour at 2200°F,
molybdenum to detsrmine the degree of stress :e¢lisf in the sircss.relieved
msterial as compared with the other two materials,

The recrystallized sample showed spotted diffraction lines, as
expected, of a coarse-grained material, The other two materiais (swaged
and stress-relieved) showed sharp nontinuous diffraction lines that were
similar for both materials, This seemed to indicate tha’. the swaged
(as-received) material was relatively free from stresses and, therefors,
possibly aiso stress relieved after the swaging operation.

To veriry these results, a sample of the powder-metallurgy
molybdenum was intentionally cold worked by grinding and then annealed
for 1 hour at 1800°F, X-ray diffraction patterns on both of shese
materials appeared as expected, The cold-worked material shcwed broad
diffraction lines, while the annealed material showed lines similar to
those of the swaged and stress-relieved material, thus verifying the

original results,
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The data in Table 3L on the as~reccived (cold-worked) Westing~
house powder-metallurgy molybdenum geuerally showed a decrease in
ductility at 2000°F. as compared with the ductility at 1600 and 1800°F,
There is also a sudden decrease ia ductility at 2C00°F, us the time of
test at temperature increased, It is shown in Table 34 that a small
increase in time at 2000°F., from 3,0 to 12,2 hours, resulis in about a
50 per cent decrease in elsngation and reduction of area, This rapid
decrcave in ductility at 2000°F. also occurred in TAPCO and Fansteel
powirr-metallurgy and Climax arc-cast molybdenum, Possibly the molybdenum
specimens pick up oxygen at 2000°F,, even though the tests are conducted
in a vacuum of &hout 2-2 microns pressure, and consequently, lose
ductlity,.

Tests are now being conducted in a hydrogen atmosphere at
1800°F, and a few may also be run at 2000°F., The results of these tests
should show whether the increase in brittleness with increasing time at
2000°F, is inherent in molybdenum or is caused by an insufficient vacuum
in the testing furnace. Ths creep-rupture testing carried out to date
in a hydrogen atmosphere will be discussed in a later section.

While awaiting the receipt of more test material, some
additional creep-rupture tests were conducted on Fansteel powder-
metallurgy and Ciimax arc-cast molybdenum in the as-received condition at
1600, 1800, and 2000°F, These were run for the purpose of completing the

series of testes startsd previously on as-rcceived material, The resultis

are also shown in Figure 56 and Table 35,
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One test was conducted ai 1600°F, on Climax arc-cast material,
two tests at 1800°F. on Fansteel powder-metallurgy molybdenum, and ¢
test at 2000°F,, also on the Fanstesl mol:bdenum, All tests fell in line
with the established curve for each material, as shown in Figure 56,
Except for extending the curve in each case, there was no change indicated
in the relative strengths of these materials,

1lith the completion of thesc tests, the phass of the program
concerdeu niwi Uslbruiiiiag wWis Srosperupbues strungth of commerciallv
available molybdenum is concluded., The relative merits of each material
have already been discussed in this and previous reports, and no further
mention of them will be made at this time, The complete set of creep-
rupture results on all of the materials tested at 1600, 1800, and 2000°F.

are illustrated in Figure 56.

Creep--Rupture festing in Hycrogen

The modifiad over-all program, as® presented in the Sevenuh
Quurterly Report, included determining the effect of ambient atmosphers,
particularly hydrogen, on the creep-rupture properties of arc-cast
molybdenum, This part of the program has besn started and preliminary
results are shown in Table 36 and Figure 57,

The large vacmm furnaca on loan from the Bureau of Ordnance,
U. S, Navy, is being used for conducting thess tests in a dry-hydrogen
atmosphere, Oxygen and moisture are removed from the hydrogen by passing
the gas through Drierite, soda lime, platinized asbestos, activated

alumina, and phosphoric acid anhydride, in that order,

Because of a much greater heat loss by convection and conduction,

approximately 200 per cent more input power is required to run the tests
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in hydrogen than in vacuum at temperatures of 1600 to 200U°F., Therefore,
all tests conducted in gaseous avmosphere at 160U f, or higher wiili Lu
conducted in the large unit, since the power available to the small
furnaces is inaduquate,

Table 36 and Figure 57 show the rasults of tests conducted on
recrystallized arc-cast molybdenum at 1800°F. in a dry-hydrogen
atmosphors, Ior comparison, similar creep-rupture data ovtained
previcusly on the same maverix tested in a vacuum of 2~3 microns
pressure are also shown.

On the basis of these limited data, at 1800°F, this material
tested in dry hydrogen showed slightly lower rupture strength and higher
ductility than when tested in vacuwm, The slightly steeper slope of the
creep-rupture curve for tests in hydrogen als~ indicaied a greater rate
of decrease in cresp-rupturs strength as the test time increased, This
reduction in creep strength and corresponding increase in ductility is
probably the result of a lower oxygen content of the material tested in
hydrogen as compared with testing in vacuum. The conclusion, therefore,
would seem to be that the samples tested in vacuum pick up more oxygen
than thnse tes!ad in hydrogen, This observed effect resulting from
testing in a hydrogen atmosphere should be verified by similar tests on
other types of molybdenum, A&nalyses are being made to determine the
oxygen and carbon contents of each specimen tested in hydrogen and in
vacuum before and after test, and any changss will be noted, These
results are not yet available, but will be presented in a subsequent

report.
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Deterioration of Cresp-Rupture
Specimens During Test

4 fow of the regular creep~rupture specimens were weighed
bofore and after test in vacuam in order to determine the extent of loss
or gain in weight duc to oxidation. It could then he determined from
these data whether there was a gradual change in the sitress imposed on
the materiasl as a result of changes in the dimensiors of the specimens
during test, Thc weight measurements were made on TAPCO and Westinghouse
ponder-metallurgy molybdenum tested in vacuum at 1600, 1800, and 2000°F,
The measurements are shown in Table 37,

“he greatest ohange of weight, 0,0873 per cent loss, ocourred
in Specimen W6 teoted at 2000°F, Even with this maximum loss in weight,
howsever, the cvffuet on the stress cvan be considered as negligiblejy the
experimental error in measuring a specimen and calculating the load will

seldom permit a closer tolerance,

FUTURE WCORK

Of immediate concern is the continued determination of the effect
of & hydrogen atmesphere on the creep-rupture properties of arc-cast
molylxienum, Beyond tuis, the program as outlined in the Seventh Quarteriy
Repert will be followeds

(1)} To determine the rupture properties of molybdenum bars

wiiir voarse and fine rocrystallized grain sizes as
obtained from two different sizes of ingot. The preliminary
work of recrystallizing this material to get the maximum

difference in grain size is now being done; Creep-rupture
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(2)

(3)

W)

(5)

tests will then be made on materiale o thu tvwo grain aizes
at 1600 and 2000°F,

To determine the effect of preferred orientation on the
properties of molybdenum sheet. This material has been
roceived from tus Fanstoel Metallurgical Corporation and
tests will be started immediately at 1600°Y,

To determine the effect of impuritiez on ths properties of
molybdenum, for example, the etfect of carton, oxygen,
nitrogen, and perhaps other elements normally present in
commercial molybdenum,

To determine the rupture properties of arcecast moiybdenum
in the as-cast condition, for comparison with ihec properties
of wrought arc-cast material,

To determine the effect of certain processing variables,

such ac amount and tempearature of hot working,

(The data from which this report was prepared are recorded
in B.M.I. Record Books Nos, 4965, pp. 95-100, and 5250,
Pp. 55-75.)
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THE IMPROVEMENT OF ROOM-TEMPERATURE
MECHANICAL PROFERTIES OF MOLYBDENUM
(W, E. Few and 0, K, Manning)

THE Mo-C AND Mo-0 SYSTEMS

Introduction

Duzding the reporting period of November 1, 1950, to January 31,
1951, attempis were made to determine the limit of solnbility of oxygen
in molybdenum by passing oxygen over the surface of molybdenum wire at
such a pressure that a thin coating of MoO; was maintained on the wire
surface, After sufficient time to assure uniform dissolved-oxygen
conbent within the wire, the wire was to be rapidiy cooled to room
temperature and the oxide coating removed from the surtace by mechanical
methods, Vacuum-fusion analysis of the wire would then indicate the limit
of soiubility for Unat particular temperature, However, it becams
evident that this procedure could not be used when it was found that
disconnected intergranular films of oxide fermed well below the wire
surface at the same time a surface film was established, Such internal
oxide particles would invalidate the equivalence between total oxygen,
as given by vacuum-fusion analysis,and the saturation value, During this
reporting period (February 1, 1951, to April 30, 1951), the major portion
of the effort was placed on the study of the ductility of wrought

molybdenum,
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Expsrimental Work

A numbex of tests concerning the Mo-0 system were made, nowsver,
in which the furnace was charged with a partieular amount of oxygen
before starting the heat treatment, The heat treatment was carried out
in a closed system,as contrasted to the flowing atmosphere used previously
It was hoped that,by chocsing an appropriate initial oxygen pressure for
each temperatu.e, an oxygen film would form on thc surface of the wire
and remain for sufficient time to permit the dissolved oxygen within the
metallic molybdanum to reach equilibrium, Eveniually, ihis surface oxide
£ilm would disappear because ot the volatility of MoOp and the gradual
depletion of oxygen within the closed system, If the internal oxide
f£:ilms disappeared at the same time the surface oxide film disappeared,
then by stopping the trectment at the mement the surface £1lm discppearcd
and analyzing the rem‘aining metallic molybdenu for oxygen, the solubility
limit of oxygen could be determined,

It developed that this procedure was no more successful than
the first approach to the problem. An oxide film was formed on the wire
surface, as expected, but this film would not persist sufficiently long
to give assurance that equiliLrium had been established within the
interior of the wire, At 2500°F, with an initial pressure of 2 mm. Hg of
oxygen, the film disappeared in 5 minutes,as evidenced by the emissivity
change of the wire surface, At higher temperatures, the oxide film
disappeared in even less time,

In addition to this, it was found that,in a closed system

initially charged with oxygen, the pressure dropped rapidly in the first

two or three minutes, then gradually increascd until it eventually
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exceeded the initial pressure. One analysic of the gas in the furascs
after heating the wirs for 30 minutes at 2500°F, showed it to consirt
of &0 per cent GO, 25 per cent Hp, and 15 por cent Hye. The sourco of
the gas probably was a cembinatien of adsorbed ges on the fu.race wall,
high temperature leaks in the furnace shell, dissolved gas in the
molybdenum wire, and perhaps decomposition of the rubber seels used in
the furnace shell. The build-up in precsure showed, howecver, that it
would be gquite difficult to mairtain an atmosphere of constant composition
in the furnace when operating it as a clcsed system,

Present plans are to again employ a flowing atmosphere in the
furnace, The furnace will be evacuated and the wirs heated to the
desired temperature, With the vacuum pump still operating, oxygen will
be bled inte the furnace by means of two needle valves in series, By
slowly Increasiag the oxygen pressure, the point will bs reached at which
an oxide film appears on the wire surface. This film will be :cnoved
and the cycle repeated using an oxygen pressure just below that which
leads to a film formation, If metallographic exomination indicates that
such wire samples contain no internal oxide phase, they will bs analyzed
for oxygen, The results should be indicative of the limit of =olubility
of oxygen in molybdenum,

The a%)-inch—diameter molybdenum wires used in attemrting to
establish an experimental procedure were found to be extremely duvtile
when finally removed from the furnace. They would stand innumerable
reverse bends and exhibited LO per cent elongation and 50 per cent
reduction of area in a tensile test, In addition, they were very easy to

polish metallographically by either mechanical or electrolytic means,

-
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The wires had been heated several times with the furnace initially

charged with oxygen and ther subsequently heated several times in a

vacuum of a few microns of Hg. Presumably, the oxidizing treatment

serv~d to eliminate all carbon from the wire and the vacuum treatments

reduced the oxygen, nitrogen, and hydrogen contents to low values, This

suggests a means of prodveing molybdenum of "super high purity" on a

laboratory scals,

|
!
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STUDY OF ‘THE FFTZCT OF CARBON
ON THE DUCTILIY (F WROUGHT MOLYBDENUM

(W, E. Few and O, K, Manning)

The heat-treating exporiments causing embrittlement of
commercial wrought molyhbdenum wire have been continued, The first
systematic progrem set up to study this effect has been completed.

Both room-temperature bend tests and tensile tests have heen
used in these investigations, The results of these tests indicate the
variable causing this effect may not be carbon, However, what solute
element it may be cannoi ve determined rroa the experimental data
cwrently available, The actual transition from a ductile to brittle
material starts to occur when the wire is quenched from 3600°F,

It has also been found that this material (18-gauge molybdenum
wire) is susceptible to quench aging at room tempersture if it is
queiiched from 3800°F, How widc a temperature range the wire can be
quenched trom and cause room-temperature aging is noil known at the mresenl
time, However, it has been found that overaging the wire at 2500°F. to
3500°r,., after quenching from 3800°F., produces a relatively ductile
aquiaxed molybdenum,

Ultimately it must be learned what impurity or impurities are
responsible for the effects observed. Also, the form and distribution in

which they occur must be determined,
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Experimental Work

The experiments on the first program set up to evaluate the
effect of carbon on the ductility of wrought molybdenum, both && a rfolute
element and precipitated carbide, have been completed. (The detailed
prograu was presented and discussed in the Seventh Quarterly Report.)
Briefly, it entailed numerous heat treatments of 18-gauge molybdenum wire
and two different carbon contents. Wires oontaining 0,002 per cent C
and 0.011 per cent C were given identical heat treatments and then
subjected to the same tests, Both the Olson stiffness test (bend test)
and a tensile test were used to determine the affects of heat treatment,

All samples wers heated to 3800°F, for 15 minutes {in an
atmosphere of purified argon) and quenched, Some were held at tempsrature
for 1 hour, The l5-minute heat treatment eupplied samples, all of the
same grain size, They were then given a reheating treatment at
temperatures from 2000°F, to 3800°F,. for 15 minutes and quenched. One
group of samples was not given the initial 3800°F, heat treatment.
Tnstead; these ssmples were heated directly to the various tamperaturss
used for the reheating treatment botween 2000°F. and 3800°F,

This more detailed progrum confirmed the results of the
sxploratory experimsnts of the same type discusssed in the Sixth Quarterly
Report, They indicated the room-tempsrature ductility of wrought
molybdenum could be altered by a siuple Series of heal treatiments, Wires
quenched from 3800°F, vere brittle, but if the same material was reheated
to temperatures between 2500°F, and 3500°F,, it was found to be quite

ductile in terms of the bend test and tensile test,
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Figure 58 to Figure 63 shows graphs of the results from the
bend tests and tensile tests on both the 0,002 per cent C and 0,011 per
cent C materials, The per cent elongation srown in the tensile~data
graphs was determined by recording the loads and amount of elongation;
foir a given load, taken with sharp-pointed dividers at any particular time
during the test., Aftier rupture, the total elongation was measured by
placing the two halves of the fractured specimen togethexr and measuring
the amount of increase within the initial 2-inch gauge marks. OSince this
method of determining elongation is not influenced by slip in the grips,
the dip present in some of the curves is probably due to a non-~homo-
geneous yield, This same effect has been observed in other metals, but
an explanation of the mechanism causing such an eifect is nol known,
The initial strain rate used in all tensile tests was = 0,0005 sec.‘l.
For simplification of graphs and ease of reading, all avcilable data
have not been plotted on these graphs, Only plots necessary to indicate
the effects of these heat treatments have been used. However, data on
all sampies are presented in Tables 38 and 39.

The results ave siuilar for boblh types of material imvestigated,
i.,84, 0,002 per cent C and 0,011 per cent C wire, Also, the transition
from ductile to brittle behavior sccurs in both materials when they are
quenched from about 3600°F,, but is more pronounced when they are quenched
from 3800°F, All the carbon in the lower carbon wire containing 0,002 per
cent C should be in solution at temperatures above about 2100°F, If
dissolved carbon were the cause of the embrittling, then the embritt.ement
should be associated with tais temperature or some lower tempevrature. In

the higher carbon wire, all the carbon should be in solution at a tempera-

ture of about 3400°F. The data indicate that both wires are embrittled to
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avout the same degree and that the embrittlement in both casea is
associated with heating to within the temperature range of 3600 to 3800°F.
Consequently, it would appear that carbon is not the causz of the
enbrittlement observed,

It is interesting to note that all ihese oauples appear te be
single phased when examined at 1200 diameters. Therefore, if precipitation
ocrurred during the reheating operation, as would be expected in the
materizl containing 0,011 per cent C, it was in a submicroscopic form,
since careful mic:oscopic examination and fracture examination failed
1o reveal the presence of a second phase.

Vhile performing the above experiments, it was found that the
time between heat treatment and testing was important in determining
whether or not the material. was ductile, If 0.002 per cent ¢ wire was
quenched frem 3800°F, after 1 hour at temperature and allowed to age at
room iemperaiure for 15 days, it became completely brittle., But, if
tested shortly after heat treatment, it was found to esxiibit some ductility
in the bend test,

Since the aging characteristic was not realized when this
program was set up,the specimens utilized in the aging graphs and tables
do not comprise a regular schedule of testing intervals, Also, it will be
noticed the aging times in Figure 6l, which pertain to bend tests vs, aging
time, are different from the times used in Table L0, which illusirate the
aging characteristics in terms of both the tensile test and the berd test,

At present, the breadth of the quenching temperature range,
which %ill produce room~temperature aging, is not known, However, it
appears from the results presented in Table 4O that the aping process

& held ot tha ausnpohin:

mav ha affantnd hir tha tima imbarrad 4
GBay O SIL2LLC0 S At TS ANLSTVaAL & S QUOHTaang
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temperature. Some variation is noted between samples held at temperzture
fer 15 minutes vs, thoss held for 1 hour (See Table 4O)., The longer
time at 3800°F, seems to accelecrate the room-temperature aging process,
This has sihown up both in the bend test and the tencile test,

This apparent aging process in nolybdenum could explain why
the material 1s ductile if it is given 2 second heat treatment after
guenching from 3S00°F. The second heat treatnent at 25u0°r. to 3500°F.,
which produced samples capable of showing up to LO per cent elongation
and 50 per cent reduction in area; very likelv produces overaging.

The results shown in Figure €L and Table 4O quite definitely
indicate a ronem-temperature aging process taking place in molybdenum,
Apparently, it is still going on to some extent even after 50 to 60 days.
Since these effects are caused without noticeable cver-211 composition
change, the cause must be attributed to sci = solute elezent, probably

No, Op, cor Hp.
Future Work

In order Lo uwndersiand fully i resulis of Lhese ductiiity
studiss, it will be recessary to outline critical experiments capable of
isolating the known variables, Since this type of plarning requires
considerable time, probably little experirental time will be devoted to
the ductility studies during the coming quarter, It now appears more
imporiani Lo compl-ie Lk work on ihe ¥o-0 sysiem as soon as pussible,
for it 'mioubtedly will be of considerable help in plannirg an intelligent
ductility program.

(Data from which this report was prepared are recorded in
B.M.I. Notetooks io. 4665, ppe 1-100, and No. 6121, pp. 1-8.)
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THE IMPROVEMENT OF THE ROOM-TEMFCRATURE
DOCTITITY OF CAST MOLVHDLNUY

(K. S, Edwards, E. Eichen, R, B, Fischer,
and J, H, Jackson)

Introduction

It has been known for some time {iat commercial arc-cast .
molybdenum in the as-cast condition is much less ductile than wrousht
mnlybdenum, F-r this reason, it is necessary at present to use wrought
molytdenum in many applications where using the cast metal would greatly
simplify fabrication, The objective of this section of the molybdenum
program has been to uncover and remove the causes of low ductility in
arf~cant molyhdenun in Yo Gs-cast cundiiion,

individual grains of cast molybdenum have, in previous work,
been found to be ductile., Howerer, there is a marked weakness at the
erain boundarias of this material, This weakmess resulits from impurilies,
identified as carbides, which tend ito collect at grain surfaces. The

present. nragram has becp aimed a2t slimfaaiing iheoo im

73, @l UhUS

raising the ductility, inrough purification, of the metal,
Cne siinple means of comparing tl: ductilities of the several typed
oI molybdenum is a comparison of the temperatures of transition from
ductile to brittle behavior, It is known that, tor a given metal and
stress system, there is a linear relaiion between tho logarithm of ihe
deflection rate and the reciprocal of the absolute temperature oi
tronsition. Such a plot (Figure 69) has been made for a sample of
Westinghouse powder-metalluryy molybdenum which nad been swaged and

pariially recrysiallized, and for a sawple of Climax arc-cast molyodenum

BATTELLE MEMORIAL INSTITUTE
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in the as-cast condition. This work shows the difference in ductilities
between these two tyres of molybdenum,as well as the variaticn in ductilivy
Teats are about to be made
to determine this relatio.. for muiybLidenun of high purity, When these are
completed, the effect. nf purity on the ductiliiy of as-cast molybdenum

will hsve heen established.

Experimental Work

ctility of Westinshouge Powd=r-Metallurcy
RS Y
lybdenum

l

A series of bend tests#* was made on a sample of Westinghouse
powder-metallurgy molybdenum, This material had been swaged to 0.625-inch-
diameter bar svock, Figure 65 shows the microstructure of the molybdenum,
which appears to be partially recrysiallized, The longitudinal axes of
specirens were parallel to the major axes of the grains.

‘The tesis consisted of Lending the specinmens at selected
temperatures at rixed deflection rates, After the specimens had broken,

T.=8t.8 Aarn

ihe Leud augles viere mcasurcd, The do

given in Tabls Ll. Dy plotting the permanent bend angles against
tenmperatures for the several deflection rates used (Figure €6), it was
possible to determine the approximate transition temperature for “hese
deflection rates, Here "transition temperature" is taksn to mean that
temperature at which ductilily, as measursed Ly the permansn® bend angle,
disappsars. This temperature is not well defined, as can be seen from the

scatter in the results, shown grapnicelly in Figure 42,

This test is the on2 uscd regularly in this work. Specimens are 0,250
- inch wid2 by 0,150 inch thick. The span is 0.625 inch, Specimens are

*

simply supported, centrally loaded, n

BATTELLE MEMORIAL INSTITUTE
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8. Transverse section of swaged bar. Muraka's efch

FIGURE £5. STRUCTURE OF FCWDER METALLURGY MOLYBDENUR SPECIVENS GSED IN THE DETERMINATION
OF TRANSITIDN TFMPFRATURES AT VARIDUS STRAIN RATES
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e

TABLE L1, DATA FCR THE DETERMWATIN OF THE TRANSITION
TEMFERATURES OF SPECIMENS (F WESTINGHOUSE
POWDER-Me A LLUKGY 4OLYBLENUM AT VARIOUS
DEFIECTIG RATES

|
Permanent
Specimen Flaten Speed, Breaking load, Temperature, Bend Angle,
LER In./din. F., lbs. °C, Deprees
200 1.0 L5% -10 0
201 1.0 L70 o] Q
202 1.0 800 7.5 0
203 1.0 625 12 ]
20, 1.0 700 22 0
205 1.0 650 2L 6
205 2.8 - 22 2
207 O 850 22 6
208 0.1 915 ~L0 0
209 0.1 880 =35 0
21C 6.1 730 -30 0
zn 0.1 905 -30 3
2iz 9.1 930 =25 L
213 2,1 520 =25 3
21 C.i 950 =20 3
215 0.1 810 =15 L
216 0.1 820 -10 L
217 0.3 900 -10 0
218 0ol 975 -6 2
21y 0.1 900 o] 6
220 0,1 350 9 L
221 0.1 1600 22 14
222 0.05 1000 -73 0
223 0.03 770 41 0
22l 0.03 870 <40 0
225 0,03 915 =35 2
226 0.03 965 -29 2
227 0.03 1000 -20 b
228 0.03 850 =1 1
229 0.03 735 -10 2
232 0.03 700 ~5 1
231 0.03 950 1 6
o332 0y ann Q 8
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TaBLE 4l. (Continued)

Parmanaont.

Sracimmn Flaten Speed hrealing Innd, Temperature ., rend angle;

NOo In./Min. Pe, Lbs, “Ca vegraes

233 V.01 1000 yin 0

234 0.005 950 =73 0 :
235 0.005 800 - ) i
236 0,005 6G0 =62 o]

237 0,005 800 -9 3

238 0,005 - =u5 2

239 0.008% 950 ~35.5 1

2ho 0,005 900 -35 3

2h1 0,005 1000 =29 L

22 0,005 800 -23 3
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Ductility of Climax arc-Cast k:-lybdenum

~. the Seventh Quarterly Report {pages 3fhL to 386), the effect
of temperavure on the ductility of Climax arc-cast molybdenum (as-cast)
was reported for a deflection rate of 0.005 inch per minute, The
transition tenperatures for transverse-grain specimens st this deflection
rate wac found to be about 1S50°F. (66°C.). This is the only transition
temnerature for transverse-grain specimens of arc-cast molybdenum avail-

able to date,

- mimirbn ARSI ocddAn

The transicion Lemperature ab o Sl UCL=inch-por zminutc defilsction

rate for longitudinal-grain specimens was reported to be -22°F, (-30°C.).
The tronsition temperature at a deflection rate ot 0,04 inch per minute
has recently been found to be about 37°F, (+3°G.). The data used for

establishing this point are shown in Table L2, the plot in Figure 67.

The room~-temperature, deflection-rate sensitivity of Climax arc-

cast longitudinal-grain specimens was also reported in the Seventh
Quarterly Report (pages 3069 and 390), The "transition deflsction rute"
was ijound to be atout 0.24 inch per minute.

inese resulis are shown graphically in Figure 9.

Figure 68 is a photomacrograph of a typical longitudinal-grain

spacimens Irwe Xz Ingor Lhy,
Discussion

The Arrhenius-type plot in Figure 69 is a simple expression of
the comparative ductilities of the Westinghouse powder-metallurgy niclyb=
denum and the Climax arc-cast material, .t shows at a glance that the
povider-metallurgy metal remains ductile under core severe embrittling

conditions. This can be aitributed to gifferences in amount andg

BATTELLE MEMORIAL INST'TUTE
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TABIE L2, DATA FOR THE DETERUINATION OF THE TRANSLTION
TEMFERATURE OF LCGUGITUDINAL-GRAIN SEECDONS
OF CLIMAX ARC-CAST MOLYGDENUM atl G,0lL-INCH-
PER-MINUTE DEFLECTIMN RATE

Permanent
Specimen Breaking Load, Temperature, Bend Angle,

No. Y., Lbs. °Ce Degr20¢
9 950 5 13

L8 9cC L 15

56 L50 3 0]

ST 605 3 0

19 630 0 o]

U 730 -3 0

X 70 -7 0

Q nes =290 0

BATTELLE MEMORIAL INSTITUTE




Permanent Bend Angle

-468-

30, - _ . e e
3.

Detlection rate, 0.04 in. per minute i '
f* ansition femperature, 3 C ‘
20 : . . : '
x i
10 i
!
r—2 data i

/

o] x: X —— X X~ X d
-30 -20 -10 0 o] 20

Temperature, G

FIGURE 67. PLOT OF PERMANENT BEND ANGLE VERSUS
EMPERATURE FOR LONGITUDINAL-GRAIN
MOLYBDENUM SPECIMENS FROM CLIMAX
INGOT 447

O'IGBZIJ
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3. Transverse sectipn of specrwen. Note small numbes of grans, Zbout 20.
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distribution of impurities and degree of prior wurking, The transverse-
Lrain arc-cast molybdenun specimens are shovn to be less ductils Lban the
longitudinal-grain specimenz, This is owing to the stress-raising effect
of carbides al thie wrain boundarics, which, in the transverse-yrzin
specimens, are Subjected to higher norzal stresses,

If it is found that the lines representing the frontiers
between ductile and brittle behavior for various types of molyodenum
consistently have the same slope, it Will he a simple matter to determine
the froutier for seme new type, The tronsition tewmperature ac sowe
convenient deflection rate will suffice to locate the line.

(ne must bear in mind that the information presented in Figure
{5 is gathered from bend test-data, The correlation beiween iransition
temperatures obtained by this means and tnose found from other tests has

not yet been ascertained.
Future Work

Tests are about to be started for determining the boundary
tetween duciile and briiile Uebavior fur high=purily, arc-cast molybdenum
45 the as-cast vondition. Tuis boundary is also to be obtained fee
Climax arc-cast molybdenum which has been forged, rclled, and annealed,

Analytical work and somc cxperdmen. il work is centeuplated fer
determining the strain-rate, detlection-rate relationship which exists
in the beud test used in this work, This will make it pussibls to

predict. the tension-iesi Wehavior of the various types of molybdepum for

which bend test data are available,

BATTELLE MEMORIAL INSTITUTE
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‘

of iriple-melted :dghepuriiy arc-caut oolybdenmus
to which carbon was added end one which was melted in a low pressure of
high~purity hydrogen (on the third melt) are now ready for testing to

determine the effects of these specific clemenu on drelility.

(The data for this report are recorded in Battelle
Laboratory uecord Beok Hua 5566, ppe 33-34, 37-35.)
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ANELASTIC STUNIES CF MOLYBDENUM

(R, Marineer, G, T, Mushleniamp, and A. De Sehwops

Introduction

The aim of ithe anelastic studies of molybdenum is to determine
the effects of impurities on viie latcrnzl friction of this metal. The
impurities have, at present, been arbitrarily limited to C, N, G, and H.
A thorcugh study of these elementc in relation to the internal friction
of mortybdenum should provide information fromn which we can determine
solid solubilities and other properties of molybdenum,

Test results have indicated that impurities affect the internal
fricticn as the tewperature and as the shear stress are varied, Thus,
there are two tools with which to work, either or both of which may cpen

the door to the solution of ine brittleness problem in molybdenum,

Apparatus
I ~ 3 Al S em A e oy ~wint3aA 3
the appar2ins Tor measuring the inteimal fricticn ic the same as

described in the Seventh Quarterly Report,with one excepiticn. The system
was modified te permit the use of a refrigeration unit to study specimens
at temperatures below room temperature, Temperatures as low as -28°F, e¢an
be obtained, Further revision ot the reirigeration unit may lower this
liwit.

Since the need arose for specimens quenched irom various temper-
atures under various conditions, equipment was built to carry ouvt this
worls, The apecimen is held between two clamps in 2 $lass tube and

resistance heated, The tube can be evacuated or flooded with 2 gaseous
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atmosphere % pressures up to one atmosphere, A purification train using
titanium chips at 1500°F, prepares argon for use as an atmosphere,
Slight changes will permit the use of other atmospheres as desired.

Tiw temperature of the
reans of an L,and N, optiusl pyrometer, Since these measuremenis are nov
pade under black-hody ccnditions, a correction factor must be added to

the readings, True temperatures are computed frem brightness temperatures

as read from the pyrometer by means of Wiwen's equation:

log, o

vl

N
=3 =
)
i

>

where 0y = cmissivity for wave length used,

liien constant = 14330, deg.,
7" = wave length used,
T = true temperaturs,

S = brightness temperature,

Another correction factor, obtained experimentally, must be
acded for the loss of radiation due to passaxe of the rays through the

walls of the glass tube.

Experimental Work

Extensive work was done in trying to duplicate thz internal-
friction curve as shown in the Seventh Quartecly Report, Several
specimens showed indications of a peak in the S500°F. to ANN°F, temperature
ranze, but no distinct peak of any size was found, The shear moduli of
the various wires varied slightly, from 16,0 x 106 peS.i. to 16,3 x 106

pPeS.i, at reom tewperature, but there are as yet insufficient data fmon
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which to draw any ccnclusions,

The absence of a peak in the internal-friction curve suggested
the possibility that there wWas a room-temperature aging effect which
changea whe structure of the wire to such an ertent that the peak was
lost, Work done in c~ther departmenis indicated that a specimen quenched

| £-om a certain temperature range would be fairly ductile immediatelv after
| quenchivg ,but vould become quite brittle after several days. To
investigate this possibility, equipment was sel up to reat traai

specimens and condict tests immediately after quenching,

Specimens of molybdenum wire having a kuown content of G.005
rer cent carbon were taken as received from westinghouse (orporation and
quenched in a purified argon atmosphere frui iewperatuwres ranging from
3220°F. to LS60°F, after twelve minutes at t<-perature. Bend tests were
vun on each Specimen wilhdn onc-half honw of the quench, the majority of
the tensile tests were run within two hours after quenching. The
results of the tests are presented in Table L3. A graph of tensile
strength plotted against gquenching temperature (Figure 70) shows a great
change in tha tensiie progperiies over ihe iemperature range investipated.
Wires quenched from bzstween 3220°F, and 3700°F. have a tensile strength
of about 80,000 p,S.i. Specinmens quenched from atove 3700°F. gradually
decrease in tensile strength vntil; at 4300°F,, a winimum of about
RO,000 p.s.i. is tound, Bend tes s showed that,as the tensile sirength
decreased, brittleness increased., Atove thO"F._. the tensile strength

Fose to aboul 50,000 p.s.i.
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TABTE Ii3. VARIATIGH OF FRUFFRTIES OF MOLYERENUM QUENCHED
IN AN ARGCN ATMOSPHERE WITH QUENCHING
TEUFPERATURE
Tenper-  Time Yer Cent
ature at Reduciion Angle
Specimen in Tewpe of Fer Cent Tensile Aging of
Number °Fa in Min.  Area Elongation Sirvugihi  Time Bond
19 3220 12 30 37 84,300 3 hr, 90°
1 3580 12 19 - 79,200 3 hr,  90°
13 3380 - -— - -_ 52 hrs. 90°
18 ElAM) 12 4o LL 81,500 % hr, 0°
13 3640 - - - -- 120 hrs, 90°
14 3710 12 13.5 —_— 3,200 Lhr, 90°
1 3710 -_ - - — 120 hrs, 90°
15 3770 12 - — 60,500 L hr, 51°
15 3776 - — _ 77 hrs, h?°
5 5040 12 — _— 60,100 Lnr, 30°
16 38L0 —— - — -— 72 hrs. 90°
17 3500 12 - - 37,800 % hr, 28°
17 3900 -~ — _— - 72 hrs, 30°
11 98! 1w - — 3 fon L one. 8°
1 3960 - - - - § hr.  16°
1 3360 -— — — -— § br. 11
10 L1090 12 L - 27,990 § hoe L°
7 L230 12 -— - 22,300 s hr, 2°
8 1290 12 - = 21,160 % hr.  3°
€ L350 12 15 - 50,500 3 hr, 90°
4 L360 - - — - Ly hrs, 90°
é L3£C — — - -— 8 days 90°
o NRY 12 — 50,900 % ne.  90°
5 Lh1o - - - -- 96 hrs. 907
2 L4560 12 -— - h1,000 } br.  90°
] hs60 - -— - - 148 hrs, 90°

All specimens are Mo contairing 0,005 per cent carbon and were

quenched in an atmosphere of high-purity argon, farther purified by

ipassi.ng over titaniwn chips at 15C0°F. Head travel on all tensile tesis

“was 1/8 inch ver minute, Bend tests viere run ¢n a Tinius-Olsen Stiffness

| Tester,

R
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_ vaporization of the specimen was nuieds The diameier of the wire h2ated

-L78-~

Since it is thought Shat impurities in molybdenum influence

ductility, the graph indicates that, as iie quenching temperature

increases, impurities are being taken int¢ solution, either from the wire

itseif, or from the suricuunding etmosphere, Above L300°F, a degassing

effect may be reducing the impurity content,thereny increasing ths
ductility. If this is true, a wire heat treated in a vacuum would
eliminate the possibility of absorbing impurities from the aimosphere i
and at the same time hasten the degassing process,

In view of this, four specimens were heated in a vacuum of
about kO microns and quenched from temperatures of 3970°F., L10O°F.,

Lz3u™is, 24l 4300°T. o' tc: 15 minutes at temperature (Table LL),

Although the tensiie strength decreased as the quenching temperature
increased, the brittleness as noticed on the bend tests of the previous
specinens was completely absent, as was the Adip in the tensile strength
curve between 3700°F. and L4370°F, This purification, if such it is,
vill be checked by metallographic and chemical analyses. Tests can then be!
run v determine the tine-temperature relationships of this purifying
process,

At the hLigher temperatures of L230°F, and L4360°F., consideraltls !

to L360°F. diminished from 0.0L4O inch to 0.036 inch afier 10 minutes at
temperaturs,

Dend terts on specinens heat treated in both the purified arvgon
atmocphere and in the vacuum have not given any indication of quench

aging after periods of up to one week after quenching,
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TABIE llj. VARIATION OF FROPERTIES OF MULYBDENUM QUENCHED
IN A VACUUM YITH QUENCHING TEMFERATUHE

Temper- Time Per Cent

, ature at Reduction Angle

. Specimen in Temp, of Per Cent Tensile saging of

" Number °F. in M. Area Elongation Sirength Time __Bend
23 3970 15 12 16 7h,800 4 hr, 90°
23 3970 - - - - 6 days 90°
22 L100 15 6 9 67,600 % nr, 90°
22 1100 - ~— -— -— 71 days 50°
21 L2390 U h 6 60,500 $ hr,  90°
21 L230 _— - -— — 7 days 90°
P L360 10 7 L LS,2c0 3 br. o0°
2k 4360 - - - - 6 days  90°

of anproxircaiely LO

' Olsen Stiffnecs Tester,

0.20€ per cert carbon were

WiCiwiSe

¥ m A & 1
a€al vraviéa o all

tensile tests was 1/A inch per minute. Bend tesis were made on a Tinius-
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The vacuum system used for thess tests is heing improved. The
system is being changed to ii~lude a diffusien pump., Wiik a lowering of
pressure, the danger or gaseous impurities ,diffusing intc the system will
bte greatly lossenad,

Internal-friction tests were run on two wire specimens, one
voutaining 0,011 pev cemt carbon. the other, 0.005 per cent earhon. The
0,011 per cent carbon wire tad been quenched twice from 3800°F. in a
purified argon atmosphere after 15 minutes at temparature, At room
temperature (71° - 80°F.), Q-1 (internal friction) values ranged from
about. 0.0010 at a shear streuss of about 75 p.s.i. to about 0,0021 at a
shear stress ol about 1000 p.S.i. (See Figure 71.) Saveral tests were
made on the same specimen,alternating tests at room temperature with
tests at =28°C, The slope of the graph was the same for all tests,
Successive tests at room temperature ylelded suocessively lower values of
internal triction.

Tests of the 0,005 per ceat carbon wire (See Figure 72) al.
73°F. gave = Q-1 valuc a* low siresses which «as practicatly the same as
that of the 0,011 ner ecent wire. There was, however, very 1itiic change
in the Q"' value as the shear stress was incresseds A second test
sielded lower < values ,but the graph still had the same slopes

The lowering of the Q“J- values with successive tests is probably
due to the relief of internal stresses, One of the major causes of micro
5t.!-esse§‘ 28 the retention of elements in solid solution beyond the
equilibrium concentration. This phenorenon may then be interpreted as a
precipitation process, Further controlled testing will olarify this point.
This variation presents an additional methiod of dziecting changes in a

material associated with impurity elements.
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Summary

Efforts were made tc find a peak in the internal triciicn vs.
urve of melybdeuum due to intarstitial elements in s30lid

solution, but. the teats showod negative resuiis, To investigate other

efl'ects of the interstitial slements, the internal.friction apmaratus

was modified to permit testing below room i.emperat:, e~ ~nd other apparatus

was pbuilt ts heat treat molybdenum #ire at any tcmporaiure in any

atmosphere or im a vacuuwm. ifire quenched from various temperatures after

being heat treated in ¢ purifiad acgon aumd-phcre = awed a definite

i dependence of tensile sirepgih @il Lend angle on tha guenching tempera-—

ture. The tensile sirength2of wireu quenched “n s “ncum also indicated
a dependence on the qusnching temperature, It - lhcught that heat
treating the wire in a vacuum tends to degas the specimen,re dering it
sorewhat more ductile,

Internal-friction tssts at and below ~zom trompexrzture ¢ .w the
internal friction to be linearly dependent on &liuss ai lcw stress
amplitudes. A variatiou in the slove of the &7 s, stres. curve was Lound
and wall be investipated with respeci to ita <oz -i.enc ~n the impurity

content of the wire,

Future Work

Future work will ~ousist of determining if specimens heated in
a vacuurm at nigh temperatures are being purified, If so, degassed

specimens can be impregnated with large amounts of only one impurity.

‘ihese wires will tlien be subjerted to tensisn; bend, and internal-

Iriction tests, as well as chemical and metsllcgraphic analyses.
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The investigation has been planned to dotemmine the cttect of individual
elements on aging as well as on ductility ir the absence of aging,.
Nitrogen has teniatively beer. decided upon as the first impurity to
investigate, Results of these tests can then be used as criteria for the
study of the effects of C, 0, and H on the internal friction of molyb-

| denum,

(Data from which this report is written may be found in
5.M,I. Record Book No. 54L8, pp. 25-48,)
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